Introduction {#S0001}
============

Acute myocardial infarction (AMI) is the leading cause of death and disability worldwide. Thrombolysis and intervention are the main reperfusion therapy strategies, often accompanied by myocardial ischemia-reperfusion injury (MIRI).[@CIT0001]--[@CIT0006] MIRI is myocardial damage or dysfunction after blood flow is restored after the blood supply to the heart patient is interrupted, which could cause cardiomyocyte apoptosis, pyroptosis, ferroptosis and necrosis, and even cardiac arrest.[@CIT0004],[@CIT0007],[@CIT0008] Studies have confirmed that apoptosis plays an indispensable role in the initiation and progression of MIRI.[@CIT0009]--[@CIT0011] Currently, many experimental and clinical studies have confirmed that ischemia-reperfusion (I/R) induced cardiac injury is related to various microRNAs (miRNAs) and some mechanisms have been reported under specific experimental conditions.[@CIT0012]--[@CIT0014] However, those findings for clinical application are not enough, and detail mechanisms of MIRI still need to be further studied.

MiRNAs are small, endogenous, non-coding RNAs subgroup containing 18 to 23 nucleotides.[@CIT0015],[@CIT0016] Typically, miRNAs silence their mRNA target through binding to complementary recognition sequences of mRNA and inhibiting its expression.[@CIT0017],[@CIT0018] In past decades, it has been proved that miRNA acts as a regulator in different biological processes, such as cardiogenesis, tumorigenesis, cell differentiation and apoptosis.[@CIT0019],[@CIT0020] miR-346 is positioned in the second intron of the glutamate receptor ionotropic delta 1 (GRID1) gene, which was firstly identified to be redundant in follicular thyroid carcinoma (FTC).[@CIT0021]--[@CIT0023] Several studies have showed that miR-346 regulates many pathological events, including cell differentiation, carcinogenesis and inflammatory response.[@CIT0023]--[@CIT0028] Nevertheless, the function of miR-346 in MIRI remains unclear.

In this experiment, we explored potential molecular regulatory mechanisms by establishing a MIRI rat model. MicroRNA sequencing analysis displayed the expression of miR-346, one of the 15 downregulated genes, was dramatically decreased in the model. Subsequently, miR-346 was predicted to be an upstream regulatory factor of Bax gene, a crucial regulator for cell apoptosis,[@CIT0029]--[@CIT0031] using bioinformatic website TargetScan ([<http://www.targetscan.org/>]{.ul}). We then used a luciferase reporter assay to confirm this prediction. Furthermore, over-expression of miR-346 could sufficiently attenuate MIRI and narrow infarct area by inhibiting myocardial cell apoptosis in a rat model. In the present study, we investigated that over-expression of miR-346 inhibits cardiomyocyte apoptosis and attenuates MIRI in rats by targeting Bax.

Materials and Methods {#S0002}
=====================

Animals and Ethics {#S0002-S2001}
------------------

Male Sprague-Dawley rats (200--250 g) were raised in Guangxi Medical University Experimental Animal Center (SYXK \[Gui\] 2014--0003). All animals are treated with the Guiding Opinions on the Treatment of Laboratory Animals issued and the Laboratory Animal-Guideline for Ethical Review of Animal Welfare issued by the National Standard GB/T35892-2018 of the People's Republic of China. All operations in animal experiments are performed under anesthesia to avoid pain and suffering.

MIRI Rat Model Construction {#S0002-S2002}
---------------------------

We anesthetized rats using pentobarbital sodium at a dosage of 40 mg/kg before tracheal intubation. The left anterior descending artery (LAD) was ligated for 30 min and then reperfused for 120 min. After reperfusion, we separated the heart under anesthesia. Pseudo-surgical animals perform the same operation without blocking LAD. When the ST segment of the 12-lead ECG is significantly elevated and the ligated blood supply area appears pale or gray, it represents the success of ischemia. Subsequently, the ligature was released, the ST segment descended and the arrhythmia appeared, indicating successful reperfusion.

Total RNA Extraction and miRNA Sequencing {#S0002-S2003}
-----------------------------------------

According to the random principle, six rats were divided into Sham group and I/R group. Total RNA extraction was performed using the miRNeasy Micro Kit (Qiagen, Germany). Quality testing by Bioanalyzer 4200 (Agilent, USA). The next-generation libraries were prepared using VAHTS mRNA-seq v2 Library Prep Kit for Illumina^®^ (Vazyme, China). Library quality was determined by Bioanalyzer 4200 (Agilent, USA). Then RNA-seq libraries were sequenced in the HiSeq X10 system (Illumina, USA) on a 150 bp paired-end run according to the protocols of the manufacturer.

RT-PCR Assay {#S0002-S2004}
------------

Total RNA and miRNA were extracted using the RNAeasy Mini Kit (Qiagen, Netherlands) and the miRcute miRNA isolation kit (TIANGEN Biotech, China) according to the protocols of the manufacturer. Quantitative detection of total RNA and miRNA was determined by a NanoDrop 2000 spectrophotometer (Thermo Scientific, USA). The miR-346 level detection and RNA reverse transcription to cDNA were performed utilizing the miRcute Plus miRNA First Strand cDNA Synthesis Kit (TIANGEN Biotech, China) according to the manufacturer's instructions. Primers for miR-346 and U6 in this study were designed and synthesized by TaKaRa (Kyoto, Japan) ([Table 1](#T0001){ref-type="table"}). Table 1Primers Used for RT-PCRPrimer/ProbeSequencesmiR-346F: 5′-ACACTCCAGCTGGGTGTCTGCCTGAGTGCCT-3′R: 5′-CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGAGAGGCAG-3′U6F: 5′CTCGCTTCGGCAGCACA-3′R: 5′AACGCTTCACGAATTTGCGT-3′

RT-PCR detection of miR-346 was performed using an ABI 7500 real-time PCR system (Applied Biosystems, CA, USA) according to the protocols of the manufacturer. The fold change of miR-346 was calculated using the 2^−ΔΔCt^ method, and U6 was used as an internal control.

Luciferase Reporter Assay {#S0002-S2005}
-------------------------

5 × 10^4^ HEK293T cells in each well were plated into a 24-well plate. The Bax luciferase reporter with binding sites for miR-346 was synthesized and subcloned into pGL3‐Control Vector (Promega, Madison). Lipofectamine 2000 (Invitrogen) was used to transfect the luciferase reporter with wild type (WT) or mutant type (MT) miR-346-mimics (GenePharma, Shanghai China) according to the protocols of the manufacturer. After 48 hrs of transfection, luciferase activity was analyzed by dual luciferase reporting kit (Promega), which was measured by a SpectraMax L (Molecular Devices, CA, USA).

Adeno-Associated Virus Transfection and Experimental Animal Grouping {#S0002-S2006}
--------------------------------------------------------------------

Recombinant adeno-associated virus (AAV, 2 × 10^11^ vector genomes (vg) particles/per rat) was designed and constructed by Hanbio Biotechnology (Shanghai, China), AAV-miR-346 over-expressed miR-346, AAV-miR-346-antago low-expression miR-346. AAV-NC served as a negative control group. Thirty rats were divided into five groups depending on the random principle, with six rats in each group, including the Sham, I/R, AAV-NC, AAV-miR-346 and AAV-miR-346-antago groups. After 2 weeks of injection of AAV through the tail vein, we anesthetized rats and performed experiments.

HE and TTC Detection {#S0002-S2007}
--------------------

The myocardial tissues were collected and then fixed with 4% paraformaldehyde for 24 h in accordance with the standard procedures. Three millimeter-thick myocardial sections were embedded in paraffin. Hematoxylin and eosin (HE) test subsequently perform. The optical microscope (CKX41, Olympus, Tokyo, Japan) at × 400 was used to visualize the degree of heart damage and capture them into a photograph. MIRI was scored according to the histomorphological criteria.[@CIT0032] TTC staining was carried out to measure the myocardial infarct size. Briefly, after reperfusion for 120 mins, we harvested the heart immediately and maintained it at −80°C until use. Then, the heart was sliced into 5 mm-thick sections and subsequently incubated with 3% TTC for 30 mins at 37°C. Red represents the non-infarct area, and gray and white represent the infarct area. Image-Pro Plus 6.0 software was used to evaluate the infarct area.

ELISA Measurement {#S0002-S2008}
-----------------

After the reperfusion, we collected the whole blood specimens from blood circum. And then we centrifuged the bloods samples, immediately, at 12,000 g for 20 mins at 4°C. The collected supernatant was stored in a −20°C refrigerator for testing. A suite of commercial kits was used to test the level of serum cTnT in accordance with the manufacturer's instructions (Cusabio, China).

TUNEL Assay {#S0002-S2009}
-----------

TUNEL method with a detection kit (Roche, Germany) was used to estimate cell apoptosis in myocardial tissues following the manufacturer's protocol. The TUNEL-positive cells were identified by green nuclei, and blue represents normal nuclei. Each slice was randomly captured three visual fields. We used the following formula to calculate the apoptosis index (AI): AI = (number of positive cells/total number of cells) × 100%. The experimental data were analyzed using Image-Pro Plus 6.0 software.

Western Blot Analysis {#S0002-S2010}
---------------------

Total protein was lysed in the RIPA buffer (Beyotime, China). BCA protein assay kit (Beyotime, China) was carried out to measure the protein concentration. After SDS‐PAGE assay, we transferred the proteins onto PVDF membranes. Then, 5% non-fat milk was determined to block the membranes at room temperature for 2 h. We incubated the membranes with primary antibodies overnight at 4°C followed by washing 5 times using phosphate buffered saline supplemented with Tween 20 (PBST). Subsequently, secondary antibodies were incubated 2 h at room temperature. Finally, the protein bands on membranes were took into visualization using chemiluminescence system (Amersham Pharmacia). The primary and secondary antibodies used were listed below: Bcl-2 (1:500, Abcam), Bax (1:1000, CST), Cleaved Caspase-3 (1:1000, CST), GAPDH (1:1000, CST) and HRP (1:1000, Beyotime). We used GAPDH as the endogenous control in this assay. The gray value of each band was calculated by Image-Pro Plus 6.0 software.

Statistical Analysis {#S0002-S2011}
--------------------

GraphPad Prism 5.0 software was used to perform all the data in this study. Data were displayed as the means ± SEM. Multiple comparisons were carried out by single-factor variance analysis. *P* \< 0.05, there was statistical significance.

Results {#S0003}
=======

Successful Establishment of the Rat I/R Model {#S0003-S2001}
---------------------------------------------

ECG examination showed that the ST segment was significantly increased in 30 mins after ischemia, and the ST segment was decreased in 120 mins after reperfusion. At the same time, reperfusion arrhythmia appeared, which marked the successful establishment of rat I/R model ([Figure 1](#F0001){ref-type="fig"}). Figure 1Changes in the ECG when the rat I/R model was established.

Expression of miR-346 Was Decreased in Rat I/R Model {#S0003-S2002}
----------------------------------------------------

To elucidate the expression of miRNAs after I/R, we conducted a miRNA sequencing assay for Sham and I/R group. The heat-map results displayed the significant changes of miRNAs. We observed that the expressions of 15 miRNAs were downregulated and 29 miRNAs were upregulated in the I/R group by comparison to the Sham group, as showed in [Figure 2A](#F0002){ref-type="fig"}--[C](#F0002){ref-type="fig"}. Among the 15 downregulated miRNAs, we found miR-346 which had not been reported to participate in MIRI. Subsequently, we certified the expression of miR-346 using RT-PCR analysis, and found an obvious decrease in the I/R group rather than the Sham group ([Figure 2D](#F0002){ref-type="fig"}). Figure 2Downregulation of miR-346 in the I/R group. (**A**) Heat-map of sequencing data of miRNAs. Red and green color represent up- and down-regulation, respectively. (**B**) and (**C**) Tables for details of 15 downregulated genes and 29 upregulated genes. (**D**) RT-PCR assay for the expression of miR-346 (n=6). Note that *^a^P* \< 0.05 against the Sham group.

miR-346 Directly Inhibited the Transcription of Bax Gene {#S0003-S2003}
--------------------------------------------------------

To explore the potential biological functions of miR-346, we used online bioinformatics software TargetScan ([<http://www.targetscan.org/>]{.ul}) to predict the downstream targets of miR-346 in human and rat. After analysis, we found that the key regulator of apoptosis Bax contained the potential binding sites for miR-346 in its 3ʹ UTR ([Figure 3A](#F0003){ref-type="fig"} and [B](#F0003){ref-type="fig"}). To further verify the direct interaction between miR-346 and Bax gene, we constructed Bax luciferase reporter binding sites for miR-346 into pGL3 vector, respectively. Then, the Bax luciferase reporter was separately co-transfected with WT or MT miR-346 mimics into HEK293 cells. Luciferase assay revealed the relative luciferase activity in cells co-transfected with Bax luciferase reporter and WT miR-346 mimics was significantly decreased compared with MT miR-346 mimics and negative controls (NC) ([Figure 3](#F0003){ref-type="fig"}[C](#F0003){ref-type="fig"}). The outcomes strongly suggested miR-346 repressed the transcription of Bax through the binding site in its 3ʹUTR. Figure 3miR-346 directly repressed the expression of Bax gene. (**A**) Online software TargetScan revealed the predicted binding site of miR-346. (**B**) Complementary sequence between miR-346 and Bax in human and rat. (**C**) The effect of miR-346 on the luciferase activity was determined by luciferase reporter assays. miR-346 repressed the transcription of Bax gene. Note that *^a^P* \< 0.05 against the miR-346+MT group.

Over-Expression of miR-346 Attenuated MIRI {#S0003-S2004}
------------------------------------------

\(1\) We first used TTC staining to detect changes in myocardial infarct size in each group. As shown in [Figure 4A](#F0004){ref-type="fig"} and [B](#F0004){ref-type="fig"}, no myocardial infarction was found in the Sham group, and the infarct size in the I/R group was enlarged. However, over-expression of miR-346 (AAV-miR-346 group) reduced infarct size by comparison to the I/R and AAV-NC group. Figure 4Over-expression of miR-346 can reduce myocardial infarct size. (**A**) TTC detection of Sham, I/R, AAV-NC, AAV-miR-346 and AAV-miR-346-antago groups. White and gray represent infarct areas and red represents non-infarct areas. (**B**) Infarct size scores. Note that ^a^*P* \< 0.05 against the Sham group. ^b^*P* \< 0.05 against the I/R group. ^c^*P* \< 0.05 against the I/R or AAV-NC group.

\(2\) Moreover, we further examined histopathological changes using HE, and also detected changes in the myocardial damage marker cTnT. Displayed in [Figure 5A](#F0005){ref-type="fig"}--[C](#F0005){ref-type="fig"}, the Sham group had a regular arrangement of myocardial structures, normal fibers, and no bleeding or necrosis. However, the I/R group found severe myocardial damage, including myocardial fibrosis, inflammatory cell infiltration, and cardiomyocyte edema, and serum cTnT levels were significantly elevated. Importantly, the degree of myocardial damage was reduced in the AAV-miR-346 group in comparison to the I/R and AAV-NC group, and we also observed a significant decrease in serum cTnT levels. Figure 5Over-expression of miR-346 attenuates histopathological changes and myocardial damage. (**A**) HE detection of Sham, I/R, AAV-NC, AAV-miR-346 and AAV-miR-346-antago groups (x200). (**B**) Myocardial injury scores. (**C**) Serum myocardial injury marker cTnT levels. Note that ^a^*P* \< 0.05 against the Sham group. ^b^*P* \< 0.05 against the I/R or AAV-NC group.

miR-346 Suppressed Cardiomyocyte Apoptosis via Targeting Bax Gene {#S0003-S2005}
-----------------------------------------------------------------

\(1\) To figure out the cardiomyocyte apoptosis during MIRI, we utilized TUNEL staining to illustrate the apoptosis in the Sham, I/R, AAV-NC, AAV-miR-346 and AAV-miR-346-antago groups ([Figure 6A](#F0006){ref-type="fig"} and [B](#F0006){ref-type="fig"}). TUNEL staining displayed the apoptosis rate in the I/R group was higher than the Sham group; while in the AAV-miR-346 group, the apoptosis rate was lower than I/R and AAV-NC group. Figure 6Over-expression of miR-346 inhibited myocardial apoptosis. (**A**) TUNEL staining for myocardial tissues in Sham, I/R, AAV-NC, AAV-miR-346 and AAV-miR-346-antago groups (x200). The green fluorescence represents the TUNEL-positive cardiomyocyte nucleus, and the blue fluorescence represents the total cardiomyocyte nucleus. (**B**) The apoptosis index of each group. Note that ^a^*P* \< 0.05 against the Sham group. ^b^*P* \< 0.05 against the I/R or AAV-NC group.

\(2\) Furthermore, to clear the mechanisms of miR-346 in cell apoptosis during MIRI, we explored the protein levels of Bcl-2, Bax, Cleaved Caspase-3 and Caspase-3, which were apoptosis related genes, using Western blotting assay ([Figure 7A](#F0007){ref-type="fig"}). The Bcl-2/Bax ratio was negatively correlated with cardiomyocyte apoptosis. We found in the experiment that the Bax protein expression increased and Bcl-2/Bax ratio in the I/R group decreased by comparison to the Sham group. However, over-expression of miR-346 significantly reduced Bax protein expression and increased the Bcl-2/Bax ratio compared to the I/R and AAV-NC group ([Figure 7B](#F0007){ref-type="fig"} and [C](#F0007){ref-type="fig"}). Meanwhile, the relative protein level of Cleaved Caspase-3/Caspase-3 ratio in the I/R group was notably higher than the Sham group; while in the AAV-miR-346 group, the relative protein level of Cleaved Caspase-3/Caspase-3 ratio was distinctly lower than I/R and AAV-NC group ([Figure 7D](#F0007){ref-type="fig"}). Those results clearly evidenced that miR-346 limited cell apoptosis against MIRI through regulating the expression of Bax gene. Figure 7miR-346 inhibited myocardial cell apoptosis mediated by Bax gene. (**A**) Western blotting was used to detect the expression levels of apoptosis-related proteins in Sham, I/R, AAV-NC, AAV-miR-346 and AAV-miR-346-antago groups and quantitative analyses (**B**--**D**). Note that ^a^*P* \< 0.05 against the Sham group. ^b^*P* \< 0.05 against the I/R or AAV-NC group. ^c^*P* \< 0.05 against the I/R group.

Discussion {#S0004}
==========

MIRI is a common pathophysiological event that there is temporally restricted blood supply to the heart and then restored back, while the damages to the tissues could not be recovered completely even worsening myocardial damage after reperfusion.[@CIT0033],[@CIT0034] There are several biological processes related to myocardial damage, such as apoptosis, pyroptosis, ferroptosis, autophagy and necrosis of cardiomyocyte.[@CIT0035]--[@CIT0038] Generally, myocardial apoptosis mainly causes heart dysfunction and eventually lead to heart failure during MIRI.

MiRNAs, a large subgroup of non-coding RNAs, functionally regulate the transcriptional level of its target genes.[@CIT0039]--[@CIT0042] Increasing studies indicate miRNAs have been proved to be involved in I/R-induced cardiac injury.[@CIT0008],[@CIT0012],[@CIT0020],[@CIT0043] Recently, several studies have demonstrated that miRNAs are related to cardiac events, including muscle contraction, heart growth and conductance of electric signal.[@CIT0044]--[@CIT0048] However, functions of miRNAs in MIRI still calling for further illustrated. Previous reports showed that miR-346 regulates many pathological events, including cell differentiation, carcinogenesis and inflammatory response.[@CIT0021],[@CIT0023],[@CIT0024],[@CIT0026] Nevertheless, whether miR-346 exerts biological functions in MIRI are still little known.

In our study, the expression of miRNAs was analyzed by miRNA sequencing after the MIRI rat model establishment. Data shown that there were 44 differential miRNAs displayed in the heat-map, and among them, the expression of 15 miRNAs was significantly downregulated in I/R tissues, miR-346 is one of them. Subsequently, bioinformatic website TargetScan ([<http://www.targetscan.org/>]{.ul}) was utilized to predict the putative downstream effectors of miR-346.

Bax, a crucial regulator for cell apoptosis,[@CIT0049]--[@CIT0052] was screened to be a potential target gene of miR-346 with a binding site of miR-346 in its 3ʹUTR. To identify this prediction, the direct interaction between miR-346 and Bax was confirmed by the luciferase reporter assay. Moreover, over-expression of miR-346 sufficiently evidenced that miR-346 could narrow the infarct size and inhibited the apoptosis. Finally, we authenticated that miR-346 suppressed the apoptosis mainly mediated by Bax.

Conclusion {#S0005}
==========

Our findings showed that the exact function of miR-346 during MIRI. Over-expression of miR-346 could sufficiently protect hearts against MIRI. Thus, the miR-346/Bax pathway might be considered as a novel molecular mechanism and therapeutic target to protect against MIRI, as summarized schematically in [Figure 8](#F0008){ref-type="fig"}. Figure 8The molecular mechanism diagram showed that miR-346 played an important role in cardiomyocyte apoptosis and the occurrence of MIRI through targeted Bax.
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